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While charged lepton flavor violation (cLFV) with taus is often expected to be largest in many
extensions of the Standard Model (SM), it is currently much less constrained than cLFV with
electrons and muons. We study the sensitivity of the LHeC to e-τ (and e-µ) conversion processes
pe− → τ− + j (and pe− → µ− + j) mediated by a Z′ with flavor-violating couplings to charged
leptons in the t-channel. Compared to current tests at the LHC, where cLFV decays of the Z′
(produced in the s-channel) are searched for, the LHeC has sensitivity to much higher Z′ masses, up
to O(10) TeV. For cLFV with taus, we find that the LHeC sensitivity from the process pe− → τ−+j
can exceed the current limits from collider and non-collider experiments in the whole considered Z′
mass range (above 500 GeV) by more than two orders of magnitude. In particular for extensions
of the SM with a heavy Z′, where direct production at colliders is kinematically suppressed, e − τ
conversion at LHeC provides an exciting new discovery channel for this type of new physics.
I. Introduction
Flavor changing neutral current (FCNC) processes in
the charged lepton sector are among the most sensi-
tive probes of new physics beyond the current Standard
Model (SM) of elementary particles. While they are ab-
sent in the SM at tree-level and with vanishing neutrino
masses, they do get induced for non-vanishing neutrino
masses (via the effective neutrino mass operator) to ex-
plain the observed neutrino oscillations at loop level, but
only at a level far below foreseen experimental possibili-
ties.
Extensions of the SM by a heavy neutral gauge boson
(Z ′) with flavor-violating couplings to the SM fermions
provide an interesting scenario of new physics where such
FCNC processes are expected to be greatly enhanced.
Models of this type can be realized as bottom-up exten-
sions of the SM (see e.g. [1]) or from GUT theories (see
e.g. [2]).
While in many of these models the charged lepton fla-
vor violation (cLFV) with taus is expected to be largest,
it is currently much less constrained than cLFV with
electrons and muons. Furthermore, regarding “direct”
collider probes of Z ′ models, one is limited by the avail-
able center-of-mass energy for producing the (Z ′) in the
s-channel, which effectively restricts the searches to the
case of Z ′ masses below a certain mass threshold.
In this letter, we explore how both of these challenges
can be resolved at the LHeC via the Z ′-mediated e-τ
(and e-µ) conversion processes pe− → τ−+j (and pe− →
µ− + j), where the Z ′ is exchanged in the t-channel.
II. Effective Lagrangian
We consider the low scale effective Lagrangian
LZ′f¯f =
∑
i,j
Z ′f¯iγµ(V
ij
L PL + V
ij
R PR)fj , (1)
where i, j run over all fermion degrees of freedom of the
SM and PL,R denote the left- and right-chiral projec-
tion operators. The parameters V ijL,R parameterize the
strength of the Z ′ coupling to the SM fermions. The La-
grangian in Eq. (1) is generic and includes both flavor-
conserving and flavor-violating interactions.
We note that additional observable effects of this sce-
nario could emerge from gauge kinetic mixing, inducing
a mixing of Z ′ with the Z boson of the SM. This mix-
ing can lead to constraints on the parameters V ijL,R from
electroweak precision measurements, and also to cLFV
Z decays. However, since we want to focus on the Z ′
induced cLFV, and since the Z-Z ′ mixing is already con-
strained by the LEP experiment to be ≤ 10−3 [3], we will
ignore these possible effects in the following (and set the
mixing to zero).
The current LHC searches for lepton flavor violating
heavy neutral gauge boson decays are sensitive to Z ′
masses up to about 5 TeV [4, 5]. Compared to proton-
proton colliders, electron-proton colliders provide an en-
vironment where new physics can be probed with com-
paratively low background rates. For our study, we con-
sider the Large Hadron electron Collider (LHeC), which
would utilize the 7-TeV proton beam of the LHC and a
60-GeV electron beam with up to 80% polarization, to
achieve a center-of-mass energy close to 1.3 TeV with a
total of 1 ab−1 integrated luminosity [6–8].
As mentioned above, we investigate the LHeC sensi-
tivities to the cLFV Z ′ couplings via the e-τ (and e-µ)
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2conversion processes pe− → τ− + j (and pe− → µ− + j)
mediated by a Z ′ with lepton flavor-violating couplings
in the t-channel. The matrix elements of these processes,
with the Feynman diagram shown in Fig. 1, are sensitive
to the cLFV parameters V eµL,R and V
eτ
L,R from the Z
′ cou-
pling to the leptons, as well as to the couplings of the Z ′
to the constituent quarks of the proton and the one that
leads to the final state jet.
To compare the LHeC sensitivity with the current ex-
perimental limits from searches for flavor-conserving and
flavor-violating processes, we will set the couplings V ijL,R
to be equal for all channels, i.e. V ijL = V
ij
R =: V for all
i, j. We like to emphasize that for a specific model, the
individual limits as well as the LHeC sensitivities can be
reconstructed by scaling the result with the combination
of the V ijL,R the respective process depends on.
FIG. 1: Feynman diagram for the e-τ (and e-µ) conversion
processes pe− → τ− + j (and pe− → µ− + j) mediated by
a Z′ with flavor-violating couplings to charged leptons at the
LHeC.
The total cross section for the Z ′-mediated processes
pe− → l−α + j with α 6= e scales as |V |4. It is shown in
Fig. 2 for the example value V = 0.1 as a function of the
Z ′ mass (MZ′).
FIG. 2: Total cross section for the Z′-mediated processes
pe− → l−α + j with α = µ, τ at the LHeC for the example
value V = 0.1.
In the following, we focus on the LHeC sensitivity for
the Z ′-mediated e-τ conversion processes pe− → τ− + j,
and we will later comment on the e-µ conversion process
pe− → µ− + j.
III. NON-COLLIDER EXPERIMENT
CONSTRAINTS
In this section, we consider constraints on the Z ′ cou-
pling strength parameter |V |2 from non-collider experi-
ments with taus, where the most relevant current con-
straints on the parameters V eτL,R come from two- and
three-body tau decays. Note that, as explained above,
we will below set the couplings V ijL,R to be equal for all
involved channels, i.e. V ijL = V
ij
R =: V for all i, j, to al-
low for a simple comparison of the strength of the various
experimental sensitivities.
A. Two body decays of tau leptons
The decay rate of τ → eγ is given by [9–12],
Γ(τ → eγ) = αem
1024pi4
m5τ
M4Z′
(|σ˜L|2 + |σ˜R|2), (2)
with σ˜L and σ˜R defined as
σ˜L = V
2
∑
a=e,µ,τ
[
F (xa) +
ma
mτ
G(xa)
]
,
σ˜R = V
2
∑
a=e,µ,τ
[
F (xa) +
ma
mτ
G(xa)
]
.
(3)
ma (with a ∈ {e, µ, τ}) are the charged lepton masses,
xa = m
2
a/M
2
Z′ and F (x) and G(x) are the respective
loop functions,
F (x) =
5x4 − 14x3 + 39x2 − 38x− 18x2 lnx+ 8
12(1− x)4 ,(4)
G(x) =
x3 + 3x− 6x lnx− 4
2(1− x)3 . (5)
The experimental limit on the branching ratio BR(τ →
eγ) = Γ(τ → eγ)/Γτ , where Γτ is the total tau decay
width, is given by 3.3 × 10−8 at 90% confidence level
[13].
B. Three body decays of tau leptons
The branching ratio of τ → lilj l¯k takes the form [14]
BR(τ → li lj l¯k) = m
5
τ
1536pi3 Γτ
(∣∣∣C3lL ijk + C3lL jik∣∣∣2
+
∣∣∣C3lR ijk∣∣∣2 + ∣∣∣C3lR jik∣∣∣2) , (6)
with the coefficients given by
C3lL =
{
1
Λ2Z′
− cos 2θW
2
1
Λ2Z
}
, (7)
C3lR =
{
1
Λ2Z′
+ sin2 θW
1
Λ2Z
}
, (8)
3where
1
Λ2Z′
=
(
V 2 cos2 θ
M2Z′
+
V 2 sin2 θ
M2Z
)
, (9)
1
Λ2Z
= V gZ sin θ cos θ
(
1
M2Z
− 1
M2Z′
)
, and (10)
tan 2θ ' 4 V
gZ
M2Z
M2Z′
. (11)
The current experimental bound on the branching ra-
tio τ → 3e is 2.7× 10−8 at 90% confidence level [15].
IV. Bounds from direct searches at the LHC
In addition to the (indirect) limits from non-collider
experiments, we consider constraints from direct searches
at the LHC. In particular, in order to compare with the
sensitivity of e-τ (e-µ) conversion at the LHeC, we con-
sider the limits from LHC searches for Z ′ decays into eτ
(eµ) pairs [5]. The considered searches have total inte-
grated luminosity of 36.1 fb−1 and center-of-mass energy
of 13 TeV. With no excess over the SM predictions ob-
served, limits have been placed on the Z ′ mass and its
coupling strength at the 95% confidence level.
Furthermore, we also consider the LHC search for Z ′
decays into same-flavor dielectron and dimuon states [16],
which currently give the strongest collider constraints on
Z ′ parameters. The search has total integrated luminos-
ity of 139 fb−1 and center-of-mass energy of 13 TeV in
the mass range between 250 GeV to 6 TeV. No deviation
from the Standard Model predictions has been observed,
leading to an upper limit on the fiducial cross-section
times branching ratio at the 95% confidence level. The
limit can be converted into a constraint on the mass of
the Z ′ and its coupling strength (which we parameterize
by |V |2).
For comparison, we will include the limits on |V |2 from
these searches and from the most non-collider experi-
ments most sensitive to e-τ (e-µ) flavour transitions in
Fig. 4, together with the LHeC sensitivities to be dis-
cussed in the next section.
V. LHeC sensitivity
In this section, we discuss the sensitivity of the LHeC
to the cLFV e-τ conversion process
pe− → j + τ− , (12)
mediated by a Z ′ with lepton flavor-violating couplings
in the t-channel. As mentioned earlier, the t-channel
process has a comparatively weak dependence on the Z ′
mass, and its differential cross section relies on the kine-
matics of the boosted tau lepton. The process is absent
in the SM and provides a powerful search tool for new
physics.
The dominant source of background stems from SM
gauge boson decays or radiated soft taus. For tau lep-
ton reconstruction, we used an identification efficiency
rate 75% for tau leptons with PT ≥ 40 GeV and miss-
identification rate about 1% [17, 18]. The most relevant
backgrounds and their total cross sections are shown in
table I.
Backgrounds σ(LHeC)[Pb]
pe− → Z νl j, where Z → τ−τ+ 0.0316
pe− →W± e− j, where W± → τ± ντ 0.2657
pe− → ZZ νl j, where Z → τ−τ+ 1.1×10−5
pe− → ZW± νl j,
where Z → τ−τ+, W± → τ± ντ 2.64×10−5
TABLE I: Dominant background processes considered in our
analysis and their total cross sections. The samples have been
produced with the following cuts: PT (j) ≥ 5 GeV, PT (l) ≥ 2
GeV and |η(l/j)| ≤ 4.5.
It is worth mentioning that other backgrounds like
pe− → h νl j with the SM Higgs h decaying to a tau
pair is suppressed by the small electron Yukawa coupling,
while the process of single top production pe− → νl t is
suppressed by the small involved CKM mixing matrix
element.
For the analysis and to distinguish between the signal
events and all relevant backgrounds, we have constructed
31 kinematic variables (at the reconstruction level af-
ter the detector simulation) which are used as input to
the Tool for Multi-Variate Analysis (TMVA). The Ma-
chine Learning algorithm Boosted Decision Trees (BDT)
is used to separate the signal events from the background
events as in Ref. [19].
The BDT rank shows that the most important
variable for discriminating the signal events from the
background events is the tau transverse momentum.
However, the other variables like the invariant mass
of the tau lepton pair, the transverse mass of the tau
lepton, the missing energy, the transverse momentum of
electrons and positrons, ∆R between tau lepton and the
beam jet, and ∆R between tau lepton and electron are
all of similar importance for the separation of signal and
background. This indicates that our signal process has a
characteristic behavior that can be easily distinguished
from the relevant backgrounds. For illustrative purpose,
we show the optimization of the signal significance as
a function of signal and background cut efficiency for a
selected benchmark point in Fig. 3.
VI. Results
Given the number of signal events and the number of
background events after the BDT optimized cuts, the
4FIG. 3: Cut efficiency at the LHeC with BDT cut ≥ 0.081.
One can get S/
√
S +B = 42.2σ with number of signal events
= 1994, and background events = 230. The cut efficiency for
the signal is 0.85, and for the background is 5 × 10−4. The
benchmark point is chosen with MZ′ = 2 TeV and V = 0.1.
LHeC limit at 95% confidence level is obtained using the
formula [20]:
σsys =
[
2
(
(Ns +Nb) ln
(Ns+Nb)(Nb+σ
2
b )
N2b +(Ns+Nb)σ
2
b
− N2b
σ2b
ln(1 +
σ2bNs
Nb(Nb+σ2b )
)]1/2
,
(13)
with Ns and Nb being the number of signal and back-
ground events, and σb is the systematic uncertainty,
taken to be 2% for background events only. In Fig. 4
(upper plot), we show the LHeC sensitivity on |V |2 via
the e-τ conversion process pe− → τ−+j (black line). For
comparison, we also show the most recent limits from the
most sensitive collider and non-collider experiments as-
suming, as stated above, equal Z ′ couplings for all flavor
violating and conserving decay channels to fermions.
In this context, the LHC searches for lepton flavor vio-
lating or lepton flavor conserving Z ′ decays are very sen-
sitive in the Z ′ mass range from 500 GeV to 3 TeV, while
for larger masses the sensitivity drops strongly. The rea-
son for this drop is that the Z ′ production at the LHC
is mainly via the s-channel, with the Z ′ produced on
the mass shell. This means the kinematic restrictions
strongly limit the mass reach.
The non-collider limits from the two and three body
decays of tau lepton are not as strong in the mass range
from 500 GeV to 3 TeV, while for larger masses they be-
come more sensitive than the LHC searches. The LHeC
sensitivity can be best in the whole mass region we con-
sidered (above 500 GeV).
For completeness, we also discuss the LHeC sensitivity
via the Z ′-mediated e-µ conversion process pe− → µ−+j.
The results are shown in Fig. 4 (lower plot) along with
the current limits from the most relevant collider and
non-collider experiments (where we have also included
the very strong constraints from µ− e conversion in nu-
clei). The sensitivity we obtain is similar to the one for
the tau process, since we have assumed equal Z ′ cou-
plings (= V ) to all fermion pairs. Also the dominant
backgrounds include the ones in table I, replacing the
tau with muon. Moreover, we include additional back-
grounds for soft muons that come from the leptonic tau
decays. We can see that the current LHC and µ → eγ
limits [9–12, 21, 22] are comparatively weak (compared
to the LHeC sensitivity estimate), while the bound from
µ → eee [23–25] and, in particular, µ − e conversion in
nuclei [23, 26–28] give the best sensitivities for cLFV Z ′
couplings with final state muon. This means that, as
expected, the LHeC sensitivity for the e-µ conversion
process pe− → µ− + j cannot exceed the very strong
sensitivities of the present searches for cLFV involving
electrons and muons.
On the other hand, the LHeC sensitivity to the e-τ
conversion process pe− → j + τ− can exceed the current
sensitivities by more than two orders of magnitude (for
heavy Z ′ above about 3 TeV), allowing for interesting
discovery possibilities.
VII. Conclusions
In this letter, we have studied the sensitivity of the
LHeC to e-τ (and e-µ) conversion processes pe− → τ−+
j (and pe− → µ− + j) mediated by a Z ′ with lepton-
flavor violating couplings in the t-channel. The results
are presented in Fig. 4, where we have parameterized the
Z ′ couplings to fermions by the general Lagrangian of
Eq. (1) and used equal Z ′ couplings (i.e. V ijL = V
ij
R =:
V ) for all channels to give an explicit example and to
compare with existing bounds. Using these results, the
LHeC sensitivities as well as the current limits can be
obtained for a specific model (with model-dependent V ijL ,
V ijR ) by scaling the results with the combination of the
V ijL,R the respective process depends on.
Compared to current tests at the LHC, where cLFV
decays of the Z ′ (produced in the s-channel) are searched
for, the LHeC has sensitivity to much higher Z ′ masses,
up to O(10) TeV. For cLFV with taus, we find that the
LHeC sensitivity from the process pe− → τ− + j can
exceed the current limits from collider and non-collider
experiments in the considered Z ′ mass range (above 500
GeV) by more than two orders of magnitude. In particu-
lar for extensions of the SM with a heavy Z ′ (above about
3 TeV), where direct production at colliders is kinemati-
cally suppressed, lepton flavor conversion with taus at the
LHeC offers exciting discovery prospects for this type of
new physics beyond the SM.
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5FIG. 4: Expected limits on the parameter |V |2 when testing the signal hypothesis, setting V ijL = V ijR =: V as described in
the main text to compare with the existing limits from experimental constraints on the relevant flavor conserving and flavor
violating processes. The black line is the main result of our analysis, i.e. the forecast of the LHeC sensitivity at
√
S = 1.3
TeV and integrated luminosity of 1 ab−1 with including 2% systematic uncertainty. Upper Panel: Expected LHeC limit on the
parameter |V |2 for the process pe− → τj with all the best sensitivity limits from the current collider and non-collider searches.
Lower Panel: Expected LHeC limit on the parameter |V |2 for the process pe− → µj with all the best sensitivity limits from
the current collider and non-collider searches.
[1] F. Pisano and V. Pleitez, Phys. Rev. D 46, 410 (1992);
P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992); M.
Cvetic, P. Langacker, and B. Kayser, Phys. Rev. Lett.
68,2871(1992); M. Cvetic and P. Langacker, Phys.Rev. D
54, 3570 (1996); M. Cvetic D. A. Demir, J. R. Espinosa,
L. Everett, and P. Langacker, Phys. Rev. D 56, 2861
(1997); 58, 119905(E) (1998); M. Masip and A. Pomarol,
Phys. Rev. D 60, 096005 (1999); N. Arkani-Hamed, A.
G. Cohen, and H. Georgi, Phys. Lett. B 513, 232 (2001);
N. Arkani-Hamed, A. G. Cohen, E. Katz, and A. E. Nel-
son, J. High Energy Phys. 07 (2002) 034; T. Han, H.
E. Logan, B. McElrath, and L.-T. Wang, Phys. Rev. D
67, 095004 (2003); C. T. Hill and E. H. Simmons, Phys.
Rep. 381, 235 (2003); 390, 553 (2004); J. Kang and P.
Langacker, Phys. Rev. D 71, 035014 (2005); B. Fuks M.
Klasen, F. Ledroit, Q. Li, and J. Morel, Nucl. Phys. B797,
322 (2008); J. Erler P. Langacker, S. Munir, and E. Ro-
jas, J. High Energy Phys. 08 (2009) 017; M. Goodsell, J.
Jaeckel, J. Redondo, and A. Ringwald, J. High Energy
Phys. 11 (2009) 027; P. Langacker, AIP Conf. Proc. 1200,
55 (2010).
[2] L.S. Durkin and P. Langacker, Phys. Lett. 166B, 436
(1986); M. Cvetic and P. Langacker, in Proceedings of
Ottawa 1992: Beyond the Standard Model III, edited by
S. Godfrey and P. Kalyniak (World Scientific, Singapore,
1992), p. 454; C.-W. Chiang, Y.-F. Lin, and J. Tandean,
J. High Energy Phys. 11 (2011) 083; P. Langacker and
M. Plumacher, Phys. Rev. D 62, 013006 (2000); X.-G. He
and G. Valencia, Phys. Rev. D 74, 013011 (2006); C.-W.
Chiang, N.G. Deshpande, and J. Jiang, J. High Energy
Phys. 08 (2006) 075; J.C. Pati and A. Salam, Phys. Rev.
D 10, 275 (1974); R. N. Mohapatra and J. C. Pati, Phys.
6Rev. D 11, 566 (1975).
[3] P. Abreu et al. [DELPHI Collaboration], Z. Phys. C 65
(1995) 603.
[4] A. M. Sirunyan et al. [CMS Collaboration], JHEP 1804
(2018) 073 [arXiv:1802.01122 [hep-ex]].
[5] M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. D
98 (2018) no.9, 092008 [arXiv:1807.06573 [hep-ex]].
[6] J. L. Abelleira Fernandez et al. [LHeC Study Group], J.
Phys. G 39 (2012) 075001 [arXiv:1206.2913 [physics.acc-
ph]].
[7] M. Klein, arXiv:0908.2877 [hep-ex].
[8] O. Bruening and M. Klein, Mod. Phys. Lett. A 28 (2013)
no.16, 1330011 [arXiv:1305.2090 [physics.acc-ph]].
[9] L. Lavoura, Eur. Phys. J. C 29, 191 (2003) [hep-
ph/0302221].
[10] C. W. Chiang, Y. F. Lin and J. Tandean, JHEP 1111,
083 (2011) [arXiv:1108.3969 [hep-ph]].
[11] M. Lindner, M. Platscher and F. S. Queiroz, Phys. Rept.
731, 1 (2018) [arXiv:1610.06587 [hep-ph]].
[12] S. Raby and A. Trautner, Phys. Rev. D 97, no. 9, 095006
(2018) [arXiv:1712.09360 [hep-ph]].
[13] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett.
104, 021802 (2010) [arXiv:0908.2381 [hep-ex]].
[14] P. Langacker and M. Plumacher, Phys. Rev. D. 62,
013006 (2000) [hep-ph/0001204].
[15] K. Hayasaka et al., Phys. Lett. B 687, 139 (2010)
[arXiv:1001.3221 [hep-ex]].
[16] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 796,
68 (2019) [arXiv:1903.06248 [hep-ex]].
[17] G. Bagliesi, arXiv:0707.0928 [hep-ex].
[18] S. Gennai et al., Eur. Phys. J. C 46S1 (2006) 1.
[19] S. Antusch, O. Fischer and A. Hammad,
arXiv:1908.02852 [hep-ph].
[20] S. Antusch, E. Cazzato, O. Fischer, A. Hammad and
K. Wang, JHEP 1810 (2018) 067 [arXiv:1805.11400 [hep-
ph]].
[21] A. E. Crcamo Hernndez, S. F. King, H. Lee and
S. J. Rowley, arXiv:1910.10734 [hep-ph].
[22] A. M. Baldini et al. [MEG Collaboration], Eur. Phys. J.
C 76, no. 8, 434 (2016) [arXiv:1605.05081 [hep-ex]].
[23] J. Hisano, Y. Muramatsu, Y. Omura and Y. Shigekami,
JHEP 1611, 018 (2016) [arXiv:1607.05437 [hep-ph]].
[24] U. Bellgardt et al. [SINDRUM Collaboration], Nucl.
Phys. B 299, 1 (1988).
[25] A. Blondel et al., arXiv:1301.6113 [physics.ins-det].
[26] R. Kitano, M. Koike and Y. Okada, Phys. Rev. D
66, 096002 (2002) Erratum: [Phys. Rev. D 76, 059902
(2007)] [hep-ph/0203110].
[27] W. H. Bertl et al. [SINDRUM II Collaboration], Eur.
Phys. J. C 47, 337 (2006).
[28] L. Galli, arXiv:1906.10483 [hep-ex].
